ABSTRACT This paper considers a downlink multiuser orthogonal frequency division multiple (OFDM) system with simultaneous wireless information and power transfer (SWIPT), where the users decode information and harvest energy using the same received downlink signals. In particular, both power splitting (PS) and time switching (TS) SWIPT modes are considered for coordinating information transferring and energy harvesting. For multiuser information transmission, OFDM access (OFDMA) and time division multiple access (TDMA) are adopted for PS-SWIPT and TS-SWIPT, respectively. The outage performance of such a multiuser OFDM system with SWIPT is investigated. Particularly, we optimize the subcarrier allocation, power allocation and PS ratio for PS-SWIPT, and the power allocation and time allocation for TS-SWIPT, aiming at minimizing the fraction of outage over all users under the minimum harvest energy constraint along with the peak and total transmit power constraints. Suboptimal heuristic algorithms are obtained based on the Lagrange duality method. The outage performances of PS-SWIPT and TS-SWIPT are compared under various system parameter settings. We show that the outage performance of TS-SWIPT is better than that of the PS-SWIPT, except when the minimum required harvested energy is large, the total transmit power limit is small, or the number of users is small.
I. INTRODUCTION
Radio Frequency (RF) energy harvesting, which can convert the received RF signals into energy, has become a promising solution for powering energy-limited wireless networks such as wireless sensor networks [1] . Specifically, simultaneous wireless information and power transfer (SWIPT) is one of the RF energy harvesting technologies that can transmit energy and information concurrently [2] , [3] . Basically, there are two SWIPT modes to coordinate RF energy harvesting and information transferring, i.e., power-splitting-SWIPT (PS-SWIPT) and time-switching-SWIPT (TS-SWIPT). PS-SWIPT splits the received RF signal power into two portions, one for information decoding and the other one for RF energy harvesting. TS-SWIPT divides the transmission time into two slots, one for RF energy transferring and the other one for information transferring.
The associate editor coordinating the review of this manuscript and approving it for publication was Wen Chen. problem of legitimate eavesdropping of a suspicious user with TS-SWIPT. Ref. [10] considered a two-node device-to-device system with full or causal channel state information (CSI) and optimized PS ratio of SWIPT to maximize the weighted sum throughput. Ref. [11] considered a full-duplex point-topoint communication system with PS-SWIPT and optimized the transmit power and PS ratio to maximize the harvested energy under the minimum signal-to-interference-plus-noiseratio (SINR) constraint.
Compared to single-user systems with SWIPT, resource allocation for multiuser systems with SWIPT is more complex. In this context, SWIPT for multiuser systems has been considered in Refs. [12] - [17] . Ref. [12] considered an OFDM access (OFDMA) system with PS-SWIPT and proposed suboptimal iterative resource allocation algorithms to maximize the user energy efficiency by jointly optimizing the subcarrier allocation, power allocation and PS ratio. Ref. [13] considered a multi-link interference channel with PS-SWIPT and jointly optimized the power allocation and PS ratio for maximizing the minimum SINR of all the links. Ref. [14] investigated the joint resource allocation and PS ratio optimization in a multi-group multicast OFDM system with PS-SWIPT. Ref. [15] considered a downlink multiuser OFDM system with both PS-SWIPT and TS-SWIPT, and proposed iterative algorithms to maximize the weighted sum rate by optimizing the PS/TS ratio and resource allocation under the minimum harvested energy constraint on each user. Ref. [16] investigated the problem of resource allocation to maximize the effective capacity and effective energy efficiency of a downlink multiuser OFDM system with both PS-SWIPT and TS-SWIPT. Ref. [17] considered a two-tier heterogeneous network with co-tier interference and optimized transmit power of SWIPT small cell base stations along with PS/TS ratio under the minimum throughput constraint at macrocell users. SWIPT has also been adopted in multiuser dynamic spectrum sharing scenario for coordinating energy harvesting and information transferring of secondary and primary users [18] , [19] .
Maximizing throughput was considered as a design objective for SWIPT systems in most of the above works. Such design objective is suitable for delay torrent services. Besides throughput, outage probability of throughput is another performance metric frequently used for delaysensitive services. In this respect, outage probability for relaying systems with SWIPT relays was investigated in Refs. [20] - [24] . Specifically, Ref. [20] derived the outage probability of one source-destination pair with multiple PS-SWIPT relays over Rayleigh fading channels, Ref. [21] derived the outage probability of one source-destination pair with multiple TS-SWIPT relays over Nakagami-m fading channels with perfect and imperfect CSI, and Ref. [22] analyzed the outage probability under different relay selection schemes for a cluster-based multi-hop networks with TS-SWIPT. Different from Refs. [20] - [22] which assumed decode-and-forward (DF) relaying protocol, Refs. [23] , [24] derived the outage probabilities of one source-destination pair with an amplify-and-forward (AF) PS-SWIPT relay over Rayleigh fading channels and Nakagami-m fading channels, respectively. Note that Refs. [20] - [24] only analyzed the performance of SWIPT relaying systems in terms of outage probability under simple resource allocation policies. Ref. [25] considered a two-hop source-relay-destination system with a PS-SWIPT DF relay and optimized power allocation, relay placement and PS ratio to minimize the outage probability under the harvested energy constraint in Rician fading environments. Ref. [26] considered a point-to-point communication system with a PS-SWIPT AF relay and minimized the outage probability by optimizing PS ratio over Rayleigh fading channels. Ref. [27] considered a two-way DF relaying system and optimized PS and TS ratios jointly with time allocation to minimize the outage probability with instantaneous CSI. Ref. [28] considered a two-way AF relaying system with PS-SWIPT and optimized the asymmetric PS ratios to minimize the outage probability with instantaneous CSI. Note that Refs. [25] - [28] only investigated the outage probability of single-user SWIPT systems with single or multiple relays. To the best of our knowledge, there are no existing works on the resource allocation in multiuser SWIPT systems aiming at outage performance optimization. Such research topic is important for assisting the design of multiuser SWIPT systems carrying delay-sensitive services. However, since the outage performance metric is generally a step function of the optimization variables and is discrete over the domain of the optimization problem, it is thus more difficult to be tackled than the throughput performance metric which is a continuous function of the optimization variables and is even convex over some optimization variables. This motivates the work in this paper to investigate the outage performance optimization of multiuser SWIPT systems.
Different from existing works on SWIPT, this paper investigates outage performance of a downlink multiuser OFDM system with both PS-SWIPT and TS-SWIPT. For multiuser information transmission, OFDMA is utilized for PS-SWIPT, and time division multiple access (TDMA) is utilized for TS-SWIPT. Taking minimizing fraction of outage over all users as a design objective, the subcarrier allocation, power allocation and PS ratio are jointly optimized for PS-SWIPT, and the power allocation and time allocation are jointly optimized for TS-SWIPT, under the minimum harvested energy constraint along with the peak and total transmit power constraints. Since the objective functions are step functions of the optimization variables and the problems are non-convex, the optimal solutions are hard to be obtained. Instead, we propose suboptimal heuristic algorithms based on the Lagrange duality method to solve the two optimization problems. We compare the outage performances of PS-SWIPT and TS-SWIPT under various system parameter settings. It is shown that the minimum required harvested energy, the total transmit power limit, and the number of users play crucial roles in the performance comparison of PS-SWIPT and TS-SWIPT.
It is noted that our work is different from those works on SWIPT which took maximizing throughput as a design VOLUME 7, 2019 objective, such as Ref. [15] . Although the system model in this paper is very similar to the one in Ref. [15] , the major differences between this paper and Ref. [15] are twofold. Firstly, the objective in this paper is minimizing fraction of outage over all users while Ref. [15] aimed at maximizing the total throughput. Since the total throughput is a continuous function of the optimization variables and is even convex over some variables, the investigated problems in Ref. [15] are much easier to be tackled compared to the investigated problems in this paper, where the objective function is a step function of the optimization variables. Secondly, some important findings in this paper and in Ref. [15] are different due to different design objectives. The peak transmit power limit was shown to have great impact on the performance comparison of PS-SWIPT and TS-SWIPT in Ref. [15] , for example, PS-SWIPT was shown to gradually outperform TS-SWIPT in terms of throughput as the peak transmit power limit decreases, while in this paper, it is shown that although the performance gap between PS-SWIPT and TS-SWIPT decreases as the peak transmit power limit decreases, the outage performance of TS-SWIPT is always better than that of PS-SWIPT. Besides, the impact of the total transmit power limit on the throughput was not investigated in Ref. [15] , while we show that it has great impact on the outage performance comparison of PS-SWIPT and TS-SWIPT. In summary, our investigated problems are more difficult to be tackled than those in Ref. [15] , and the main findings of this paper are also different from those in Ref. [15] .
It is also noted that our work is different from those works on SWIPT which took outage as a performance metric. Particularly, the system model in this paper is different from that in Refs. [20] - [24] , and resource allocation was not optimized in Refs. [20] - [24] , while it is optimized in this paper. Besides, our work is different from Refs. [25] - [28] in that only singleuser systems were investigated in Refs. [25] - [28] , while a more complex multiuser OFDM system is considered in this paper.
The remainder of the paper is organized as follows. Section II introduces the system model and the optimization problems with PS-SWIPT and TS-SWIPT. The optimization problems with PS-SWIPT and TS-SWIPT are investigated in Section III and Section IV, respectively. The proposed algorithms are compared using simulations in Section V. Section VI concludes the paper.
II. SYSTEM MODEL AND PROBLEM FORMULATION
As shown in Fig. 1 , a downlink multiuser OFDM system with one base station and K users is considered. The spectrum of the OFDM system is equally divided into N (N ≥ K ) subcarriers, each with bandwidth B. All the channels are assumed to follow quasi-static flat fading, i.e., channels are constant within the interested transmission scheduling time. For simplicity, the transmission time is assumed to be one. The channel power gain from the base station to user k on subcarrier n is denoted by h k,n , k = 1, . . . , K , n = 1, . . . , N . For each user, a minimum required harvested energy is assumed as E k ≥ 0 for user k, k = 1, . . . , K . Two SWIPT modes are considered, i.e., PS-SWIPT and TS-SWIPT. It is noted that for multiuser information transmission, OFDMA is adopted by PS-SWIPT and TDMA is adopted by TS-SWIPT. The detailed problem formulations for PS-SWIPT and TS-SWIPT are given in what follows.
A. PS-SWIPT
First, the case of PS-SWIPT is considered. Specifically, in PS-SWIPT, we assume that OFDMA is adopted for multiuser information transmission, i.e., each user can be allocated with more than one subcarrier and each subcarrier can be allocated to only one user in the scheduled transmission time. Let p k,n denote the transmit power at the base station allocated to user k on subcarrier n, n = 1, . . . , N . Thus, we have p k,n p k ,n = 0, k = k , k = 1, . . . , K , k = 1, . . . , K due to the constraint that each subcarrier can be allocated to only one user. The transmit power at the base station is restricted by the total transmit power constraint as given by
where P max denotes the total transmit power limit, and is also restricted as
where P pk denotes the peak transmit power limit on each subcarrier. A ratio ρ k (0 ≤ ρ k ≤ 1) of the received RF signal power for user k is split for information decoding and the remaining RF signal power is left for energy harvesting. 1 Therefore, the energy harvested by user k is given by
, where ζ (0 < ζ < 1) denotes the energy harvesting efficiency. The achievable rate of user k is written as
where N 0 denotes the noise spectral density. Denote by R k the target rate of user k. If the achievable rate of user k falls below R k , then user k is in outage. For user k, we define an indicator function as
The aim is to minimize the fraction of outage over all users by optimizing the channel allocation, power allocation and PS ratio under the aforementioned constraints. The optimization problem is formulated as
The objective function in (5) is the average fraction of outage over all users and is a step function of {p k,n }, {ρ k }. The constraint in (6) is the minimum harvested energy constraint that guarantees each user harvests a minimum required energy. The constraint in (7) is the total transmit power constraint that restricts the total transmitted power at the base station. The constraint in (8) is the peak transmit power constraint that restricts the peak transmit power on each subcarrier. The constraint in (9) restricts the value of the PS ratio. The constraint in (10) restricts that each subcarrier can be allocated to only one user. It is noted that the subcarrier is allocated to the user whose allocated transmit power is nonzero.
B. TS-SWIPT
Next, the case of TS-SWIPT is considered. Specifically, in TS-SWIPT, we assume that the information transmission of the users is based on TDMA by dividing the scheduled transmission time into K + 1 slots, where in slot k, k = 1, . . . , K with duration τ k is allocated to user k for information transmission and slot K + 1 with duration τ K +1 is used for all the users to perform energy harvesting. It is noted that slot K + 1 is necessary to handle the situation when the minimum required harvested energy for the user is too large such that harvesting energy during other users' information transmission slots is not enough. It is also noted that in slot k, k = 1, . . . , K , all the subcarriers can be used by the scheduled user for information transmission. Since the scheduled transmission time is normalized to one, we have 0 ≤ τ k ≤ 1 and
and
We assume that each user harvests energy during all the slots except the one for its own information transmission. Thus, the energy harvested by user k is written as ξ
, and the achievable rate of user k is given by
For each user, an indicator function X k (τ k , {p k,n }) is introduced to indicate whether the achievable rate of user k falls below the target rate R k as given by
Note that
The aim is to minimize the fraction of outage over all users by optimizing the time allocation and power allocation. The optimization problem is formulated as (P-TS): min
The objective function in (5) is the average fraction of outage over all users and is a step function of {τ k }, {p k,n }. The constraint in (16) guarantees that each user harvests a minimum required energy. The constraint in (17) guarantees that the total transmit power at the base station is no larger than the total transmit power limit. The constraint in (18) restricts the peak transmit power on each subcarrier. The constraint in (19) restricts the total transmission time. The constraint in (20) restricts the time for each slot. 
III. RESOURCE ALLOCATION FOR PS-SWIPT
In this section, the problem (P-PS) is investigated. Since the constraint in (6) may not be satisfied, we need to check the feasibility of the problem (P-PS). It is easy to observe that the problem (P-PS) is feasible only if the problem (P-PS) with ρ k = 0, k = 1, . . . , K is feasible. Thus, the following problem is formulated to check the feasibility of the problem (P-PS) as given by
s.t. (8), (10) ,
From (22), it is easily seen that allocating subcarrier n to any user is optimal for the problem in (21) . Thus, let p n denote the transmit power on subcarrier n and the problem in (21) is equivalent to the following problem as given by
The above problem belongs to linear programming and thus it can be solved conveniently by the interior point method [29] . It is noted that the problem (P-PS) is feasible only if the optimal objective function value in (23) is smaller than or equal to P max . In what follows, we assume that the problem (P-PS) is feasible.
Since the problem (P-PS) is non-convex and thus the optimal solution is hard to obtain. Instead, we propose to solve the problem (P-PS) by iteratively optimizing {p k,n } with given {ρ k }, and optimizing {ρ k } with given {p k,n }, until the objective function value converges.
Firstly, with given {p k,n }, the problem of optimizing {ρ k } is given by
, ∀k, (27) which can be decomposed into K subproblems as given by (3) is a monotonically increasing function of ρ k , there exists a break point value of ρ k , denoted as ρ * k , over which the value of
is satisfied and the
. Thus, the optimal solution to the problem in (29) is given by (30) , as shown at the bottom of the next page, where ρ * k is obtained by a bisection search in the interval given in (29) from the equality r k (ρ k , {p k,n }) = R k .
Then, with given {ρ k }, the problem of optimizing {p k,n } is investigated. Since such problem is highly intractable due to the complex form of the objective function, we propose a suboptimal heuristic algorithm in what follows.
Initially, the following problem is investigated as
s.t. (6), (8), (10) ,
where
. Although the problem in (31) is non-convex, it has shown in [30] that the duality gap of a similar problem is virtually zero for a large number of subcarriers. In practice, OFDM systems usually employ a large number of subcarriers. Thus, we can solve the problem in (31) using the Lagrange duality method [29] , [31] . The Lagrangian of the problem in (31) is written as
where {λ k } and {ν k } are the non-negative dual variables associated with the constraints in (6) and (32), respectively. The Lagrange dual function G({λ k }, {ν k }) is then obtained by solving the following problem as
Define
for k = 1, . . . , K , n = 1, . . . , N . The problem in (34) can be decomposed into N subproblems as given by
for n = 1, . . . , N . Denote the optimal objective function value in (36) as G n ({λ k }, {ν k }). From (38), one subcarrier can only be allocated to one user. Consequently, the problem in (36) can be solved by first solving K subproblems, that is, one for each of the K users, and then choosing the solution that minimizes the objective function value in (36). Suppose that subcarrier n is allocated to user k, then, the problem in (36) is reduced to the following problem
The above problem is convex and the optimal solution can be obtained by setting the first derivative of the objective function in (39) to zero as given by (41), as shown at the bottom of the next page, where (.) b a = min(max (., a) , b). For a given subcarrier n, after G k,n ({λ k }, ν k ) has been obtained for all K users, the subcarrier n is allocated to the user with the minimum
After G n ({λ k }, {ν k }) is obtained for each of the N subcarriers, the dual function G({λ k }, {ν k }) can be obtained for fixed {λ k } and {ν k }. To obtain the dual variables {λ k } and {ν k }, the dual problem is defined as
which can be solved efficiently by the ellipsoid method [32] , [33] . The required subgradient of G({λ k }, {ν k }) for the ellipsoid method is given in the following proposition. Proposition 1: For solving the dual problem in (42), a for n = 1 to N do 4: for k = 1 to K do 5: Calculate p k,n from (41).
6:
Obtain G k,n ({λ k }, ν k ) by inserting p k,n into the objective function in (39).
7:
end for 8: Let k * = arg min k G k,n ({λ k }, ν k ) and set p k,n = 0, ∀k = k * .
9:
end for 10: Update λ k , ν k , k = 1, . . . , K by the ellipsoid method. 11: until λ k , ν k , k = 1, . . . , K converge to the desired accuracy.
where {p k,n } and {p k,n } are the optimal solutions with respect to {λ k }, {ν k } and {λ k }, {ν k }, respectively. According to the definition of subgradient,
The proposed algorithm to solve the problem in (31) is summarized in Algorithm 1.
Then, if the optimal objective function value in (31) is smaller than or equal to P max , the solution provided in Algorithm 1 is also the solution of the problem (P-PS) with given {ρ k }. Otherwise, we define the set K = {1, . . . , K }, and pick the user with the largest value of N n=1 p k,n and exclude it from the set K. After that, we obtain {p k,n , k ∈ K} by solving
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the following problem as given by
This problem can be solved with the Lagrange duality method similar to the problem in (31) and we omit it here for brevity. If the optimal objective function value in (46) is smaller than or equal to P max , then the problem (P-PS) with given {ρ k } is solved. Otherwise, we exclude the user arg max k∈K N n=1 p k,n from the set K, and solve the problem in (46) again. The above iterative process terminates until k∈K N n=1 p k,n ≤ P max is satisfied or the set K is empty. Besides, for all k / ∈ K, n = 1, . . . , N , we set p k,n = 0. The problem (P-PS) is solved by iteratively optimizing {p k,n } with given {ρ k }, and optimizing {ρ k } with given {p k,n }, as summarized in Algorithm 2. Since the initial {ρ k } has impact on the performance of such iterative algorithm, in the proposed Algorithm 2, M feasible {ρ k } are initialized and M solutions are obtained from the iterative algorithm. The final solution is the one that provides the minimum fraction of outage over all users from the M solutions.
For the proposed algorithm in Algorithm 2, its complexity is dominated by Algorithm 1. The complexity of the ellipsoid method is O((2K ) 2 ) [32] , and O(KN ) operations are required for each iteration in the ellipsoid method. Thus, the complexity of Algorithm 1 is O(KN (2K ) 2 ). The complexity of steps 4-11 is O(K 2 N (2K ) 2 ) in the worst case and is O(KN (2K ) 2 ) in the best case. Let denote the number of iterations for the outer loop in Algorithm 2 to converge. The total complexity of Algorithm 2 is thus O( MK 2 N (2K ) 2 ) in the worst case and is O ( MKN (2K ) 2 ) in the best case.
IV. RESOURCE ALLOCATION FOR TS-SWIPT
In this section, the problem (P-TS) is investigated. First, we need to check the feasibility of the problem (P-TS). It can be verified that the problem (P-TS) is feasible only if the problem (P-TS) with τ K +1 = 1, τ k = 0, k = 1, . . . , K is feasible, and thus the following problem is formulated to
Algorithm 2 Proposed Resource Allocation Algorithm for PS-SWIPT
repeat 4: Obtain p k,n , k = 1, . . . , K , n = 1, . . . , N from Algorithm 1.
5:
Let K = {1, . . . , K }.
6:
while k∈K N n=1 p k,n > P max and the set K is not empty do 7: Let k = arg max k∈K N n=1 p k,n and K = K\{k }.
8:
Solve the problem in (46) to obtain p k,n , k ∈ K, n = 1, . . . , N .
9:
end while 10: Set p k,n = 0 for all k / ∈ K, n = 1, . . . , N .
11:
Obtain ρ k , k = 1, . . . , K from (30).
12:
until improvement of the objective function value in (5) converges to the desired accuracy. 13 : end for 14: Pick the one that has the minimum fraction of outage over all users from the M solutions.
check the feasibility of the problem (P-TS) as given by
The above problem belongs to linear programming and thus can be solved by the interior point method [29] . The problem (P-TS) is feasible only if the optimal objective function value in (51) is smaller than or equal to P max . In what follows, we assume that the problem (P-TS) is feasible. To solve the problem (P-TS), we define q k,n = τ k p k,n , k = 1, . . . , K + 1, n = 1, . . . , N and reformulate the problem (P-TS) as
The problem in (54) is still intractable due to the complex objective function. In what follows, we propose a heuristic algorithm. Initially, the following problem is investigated as
s.t. (55), (57) − (59),
The above problem can be verified to be convex. Thus, it can be solved using the Lagrange duality method [29] . The Lagrangian of the problem in (62) is given by
where {λ k }, ν and {η k } are the non-negative dual variables with respect to the constraints in (55), (58) and (63), respectively. The Lagrange dual function G({λ k }, ν, {η k }) can be obtained as the optimal objective function value of the following problem as
The problem in (65) can be decomposed into K + 1 subproblems with the same structure, each for a slot as given by
given by (69), as shown at the top of the next page.
The problem in (66) for k = 1, . . . , K can be further decomposed into N subproblems, each for a subcarrier as given by
) with respect to τ k and q k,n can be obtained as given by (73) and (74), as shown at the top of the next page, respectively. With given τ k , the q k,n that minimizes L k,n ({λ k }, ν, η k , τ k , q k,n ) can be obtained by setting
= 0 as given by (75), as shown at the top of the next page, where (.) + = max(., 0). With given {q k,n }, closed-form expression for the optimal τ k that minimizes
is convex with respect to τ k , we can obtain τ k by a simple bisection search over 0 ≤ τ k ≤ 1 from
The values of q k,n and τ k are iteratively optimized with one of them fixed at one time until convergence.
The problem in (66) for k = K + 1 is linear programming.
The solution can be obtained as
After G({λ k }, ν, {η k }) is obtained with given {λ k }, ν and {η k }, the dual problem is written as max
which can be solved efficiently by the ellipsoid method. The required subgradient of G({λ k }, ν, {η k }) for the ellipsoid method is given in the following proposition.
Proof : It can be proved similarly as Proposition 1, and we omit the details for brevity.
It is noted that the τ K +1 and q K +1,n , n = 1, . . . , N are calculated again based on the obtained τ k and q k,n , k = 1, . . . , K , n = 1, . . . , N . It is easy to verify that the equality K +1 k=1 τ k = 1 shall be satisfied, otherwise the objective function value may be decreased by increasing values of some τ k 's and decreasing values of some q k,n 's. Thus, the value of τ K +1 is obtained as τ K +1 = 1 − K k=1 τ k , and the q K +1,n , n = 1, . . . , N is obtained by solving the following problem given by
The above problem is linear programming and thus can be solved efficiently by the interior point method.
Next, if the optimal objective function value in (62) is no larger than P max , the proposed solution of the problem in (62) is also the solution of the problem (P-TS). Otherwise, we define the set K = {1, . . . , K + 1}, and exclude the user with the largest value of N n=1 p k,n from the set K. After that, we obtain {τ k , k ∈ K}, {q k,n , k ∈ K} by solving the following problem as given by
This problem can be solved similarly as the problem in (62) and we omit it here for brevity. If the optimal objective function value in (85) is larger than P max , we exclude the user arg max k∈K\{K +1} N n=1 q k,n from the set K, and solve the problem in (85) again. The above iterative process terminates until k∈K N n=1 q k,n ≤ P max is satisfied or the set K has only one element K + 1. Note that, for all k / ∈ K, n = 1, . . . , N , we set τ k = 0 and q k,n = 0.
The proposed resource allocation algorithm for TS-SWIPT is summarized in Algorithm 3. For the proposed algorithm in Algorithm 3, its complexity is analyzed. The steps 4-9 converges in O( KN ), where denotes the number of iterations for the loop from step 5 to step 8 to converge. Since the complexity of the ellipsoid method is O((2K + 1) 2 ), the complexity of the steps 2-12 is O ( KN (2K +1) 2 ) . The complexity of the interior point method to solve the problem in (82) for step 14 is O(N 3.5 ). Thus, the complexity for solving the problem in (62) is O( KN (2K + 1) 2 + N 3.5 ). Thus, the total complexity of Algorithm 3 is O( K 2 N (2K + 1) 2 + KN 3.5 ) in the worst case and is O( KN (2K + 1) 2 + N 3.5 ) in the best case.
V. SIMULATION RESULTS
In this section, we compare the proposed algorithms for PS-SWIPT and TS-SWIPT under various system parameter settings. Unless otherwise specified, the system parameters 
repeat 6: Calcualte q k,n , n = 1, . . . , N from (75).
7:
Calculate τ k by bisection search over 0 ≤ τ k ≤ 1 from
converges to the desired accuracy.
9:
end for 10: Calculate q K +1,n , n = 1, . . . , N and τ K +1 from (76) and (77), respectively.
11:
Update λ k , ν, η k , k = 1, . . . , K by the ellipsoid method. 12: until λ k , ν, η k , k = 1, . . . , K converge to the desired accuracy.
14: Obtain q K +1,n , n = 1, . . . , N by solving the problem in (82) using the interior point method. 15: Let K = {1, . . . , K }. 16: while k∈K N n=1 q k,n > P max and the set K has more than one element do 17: Let k = arg max k∈K\{K +1} N n=1 q k,n and K = K\{k }.
18:
Solve the problem in (85) to obtain τ k , p k,n , k ∈ K, n = 1, . . . , N . 19: end while 20: 
are set as follows. The number of users is assumed to be K = 4. The distances from the base station to all the users are assumed to be 5 m, with pathloss 25 log 10 (d) + 30 dB, where d is the distance. The small-scale Rayleigh fading with unit mean is also assumed for all the channels. The spectrum bandwidth of the system is assumed to be 10 MHz with noise spectral density −80 dBm/Hz, and is divided equally into N = 16 subcarriers. Besides, we set M = 10, P max = 20 W,
∀k. For the purpose of comparison, upper bounds (UB) for PS-SWIPT and TS-SWIPT are also obtained. Specifically, PS-UB assumes that each user is able to decode information and harvest energy at the same time using the same received signals on all subcarriers, and TS-UB assumes that each user is able to simultaneously decode information and harvest energy in its own allocated time slot. Fig. 2 illustrates the outage performances of different algorithms under various values of the minimum required harvested energy. It is shown that the fraction of outage over all users increases as the minimum required harvested energy increases. This is expected since more signal power is split or more time is allocated for energy harvesting with a higher minimum required harvested energy, which leaves less resources for information transferring. It is also shown that TS outperforms PS when the minimum required harvested energy is small, and the performance gap shrinks as the minimum required harvested energy increases. When the minimum required harvested energy is large, TS is shown to slightly underperform PS. This is because that when the minimum required harvested energy is small, TS can allocate all the time for multiuser information transmission while PS must split a portion of signal power for energy harvesting then results in degradation of the outage performance, and when the minimum required harvested energy is large, TS must allocate a large energy harvesting slot time, and although PS must split a large portion of signal power for energy harvesting, it can also exploit the frequency diversity by subcarrier allocation to improve the outage performance. The performance difference between PS and PS-UB is shown to be much larger than that between TS and TS-UB. This is because for PS, a fraction ρ k of the signal power on the subcarriers that are allocated to other users cannot be used by user k for either information decoding or energy harvesting, and thus is wasted for PS, while for TS, all the signal power is used for information decoding or energy harvesting. Besides, it is shown that PS-UB outperforms TS-UB. This is because unlike TS-UB, PS-UB can exploit the frequency diversity by subcarrier allocation. Fig. 3 illustrates the outage performances of different algorithms under various values of the total transmit power limit. It is seen that almost 100% outage is achieved when the total transmit power limit is smaller than a certain level. This is because almost all resources are allocated for energy harvesting when the total transmit power limit is small. As the total transmit power limit increases, the fraction of outage over all users is shown to decrease. This is expected since a higher rate can be achieved with a higher transmit power then results in lower possibility of outage. It is also shown that PS slightly outperforms TS when the total transmit power limit is small, greatly underperforms TS when the total transmit power limit is large, and the performance gap increases as the total transmit power limit increases. This indicates that TS can utilize the transmit power resource more efficiently than PS when the total transmit power limit is large. Besides, it is shown that the gaps between PS and PS-UB, and between TS and TS-UB get larger as the total transmit power limit increases. Fig. 4 illustrates the outage performances of different algorithms under various values of the peak transmit power limit. It is shown that as the peak transmit power limit increases, the fraction of outage over all users decreases and then saturates when the peak transmit power limit is large. This is because the total transmit power limit is the performance bottleneck when the peak transmit power limit is large. It is also shown that the outage performances of TS and PS are very similar when the peak transmit power limit is small, and TS is much better than PS when the peak transmit power limit is large. This indicates that TS is preferred for a large peak transmit power limit. It is shown that as the number of users increases, the outage performance gets worse. This is due to the fact that the subcarrier and time resources are restricted and can only satisfy the rate requirement of a fraction of users. The outage performance of PS is shown to be better than that of TS when the number of users is very small. This is because when the number of users is very small, a large portion of time is allocated exclusively for energy harvesting for TS, which reduces the time used for information transmission. As the number of users increases, TS is shown to increasingly outperform PS. This is because with a large number of users, a large portion of the received signal power is wasted at each user for PS, while the user can conveniently harvest energy during other users' information transmission slots for TS. This also indicates that for a large number of users, TS is more preferred compared to PS. Besides, TS is shown to approach to the outage performance achieved by TS-UB when the number of users is large.
VI. CONCLUSION
We investigate the outage performance of a downlink multiuser OFDM system with SWIPT, where the users apply PS or TS to coordinate information decoding and energy harvesting. Specifically, OFDMA and TDMA are adopted for PS-SWIPT and TS-SWIPT, respectively, for coordinating multiuser information transmission. The subcarrier allocation, power allocation and PS ratio for PS-SWIPT, and the power allocation and time allocation for TS-SWIPT, are optimized to minimize the fraction of outage over all users under the minimum harvested energy constraint along with the peak and total transmit power constraints. We propose suboptimal heuristic algorithms based on the Lagrange duality method for both PS-SWIPT and TS-SWIPT, and compare these two algorithms using simulations under various system parameter settings. The outage performance of TS-SWIPT is shown to be much better than that of PS-SWIPT when the minimum required harvested energy is small, the transmit power limits are large, or the number of users is large. From 2008 to 2009, he was a Software Engineer with Nortel Networks Inc. In 2013, he joined the Nanjing University of Posts and Telecommunications, Nanjing, China, as a Lecturer, where he is currently an Associate Professor. He has published more than 90 technical papers in scientific journals and at international conferences. He holds 14 issued or pending patents. His research interests include cognitive radio, wireless-powered communications, physical-layer security, mobile edge computing, and nonorthogonal multiple access. He serves as an Associate Editor for IEEE ACCESS.
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